The first exon of the Huntingtin protein (Httex1) is one of the most actively studied Htt fragments because its overexpression in R6/2 transgenic mice has been shown to recapitulate several key features of Huntington disease. However, the majority of biophysical studies of Httex1 are based on assessing the structure and aggregation of fusion constructs where Httex1 is fused to large proteins, such as glutathione S-transferase, maltosebinding protein, or thioredoxin, or released in solution upon in situ cleavage of these proteins. Herein, we report an inteinbased strategy that allows, for the first time, the rapid and efficient production of native tag-free Httex1 with polyQ repeats ranging from 7Q to 49Q. Aggregation studies on these proteins enabled us to identify interesting polyQ-length-dependent effects on Httex1 oligomer and fibril formation that were previously not observed using Httex1 fusion proteins or Httex1 proteins produced by in situ cleavage of fusion proteins. Our studies revealed the inability of Httex1-7Q/15Q to undergo amyloid fibril formation and an inverse correlation between fibril length and polyQ repeat length, suggesting possible polyQ length-dependent differences in the structural properties of the Httex1 aggregates. Altogether, our findings underscore the importance of working with tag-free Httex1 proteins and indicate that model systems based on non-native Httex1 sequences may not accurately reproduce the effect of polyQ repeat length and solution conditions on Httex1 aggregation kinetics and structural properties.
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Huntington disease (HD)
2 is a fatal neurodegenerative disorder caused by a CAG expansion within the first exon (Exon 1) of the huntingtin gene, IT15 (1) . The CAG repeat length ranges between 6 and 35 in healthy subjects, whereas patients with HD exhibit lengths of 36 or greater resulting in the synthesis of a mutant Huntingtin protein (Htt) with an expanded polyglutamine (polyQ) domain (2) . The length of the polyQ tract directly correlates with disease severity and is inversely correlated with disease age of onset (3) . HD patients suffer from motor impairments, cognitive decline, and depression due to neurodegeneration in the striatum and cortex (4 -8) .
The accumulation of N-terminal fragments of mutant Htt in the nucleus and cytoplasm of striatal neurons led to the hypothesis that these fragments play causative roles in the neurodegeneration and pathology observed in HD (9 -13) . This hypothesis is supported by the observation that the overexpression of the expanded Exon 1 in R6/2 transgenic mice recapitulates several key symptoms of HD (14) . Subsequent studies demonstrated that aberrant splicing in HttQ150 knock-in mice gave rise to a short mRNA, which translates into the Huntingtin Exon 1 protein (Httex1), thus linking the genetic cause of HD to the generation of a highly toxic N-terminal Htt fragment (15) . Together, these findings highlight the importance of this region in HD pathogenesis and underscore the critical importance of investigating the structure, aggregation, and functional properties of Httex1 and its role in health and disease.
The amino acid sequence of Httex1 is dominated by the polyQ tract that is flanked by the N-terminal domain consisting of the first 17 amino acids (Nt17 domain) and the proline-rich domain (16) . With the exception of the Nt17 domain, the remainder of the protein is rich in glutamine and proline residues. The homotypic and uncharged nature of Httex1 renders the protein unstable and prone to aggregation, especially when containing an expanded polyQ domain of Ͼ36Q. These properties present significant challenges for producing Httex1 by standard recombinant bacterial and mammalian expression systems. Consequently, the majority of in vitro studies investigating the structure and aggregation properties of Httex1 have been conducted using synthetic polyQ or Httex1-like peptides containing additional solubilizing amino acids such as lysine residues (17) (18) (19) (20) (21) (22) or relied upon artificial fusion constructs whereby the polyQ domain (23) (24) (25) or Httex1 itself (see Table  1 , Refs. 26 -46) are fused to large solubilizing protein tags, such as glutathione S-transferase (GST), maltose-binding protein (MBP), or thioredoxin. Typically, the fusion protein is cleaved in situ by the addition of a protease to release and initiate the aggregation of Httex1. Enzyme-mediated cleavage of Httex1 fusion proteins often results in the incorporation of additional amino acids at the N or C terminus of the protein. This could alter the biophysical and biochemical properties of Httex1 because of the important role of the Nt17 domain and prolinerich domain in regulating the conformational and aggregation properties of the protein (18, 20, 22, 32, 47, 49) . Moreover, it has been shown that commonly used enzymes such as trypsin and thrombin may lead to cleavages within the Nt17 domain and result in the generation of undesired Httex1 fragments (19, 28, 50) . The net effect of incomplete and/or unspecific enzymatic cleavage of Httex1 fusion proteins is the generation of hetero- The cited fusion constructs were chosen from studies that focused on the characterization of the aggregation propensity and aggregate structure of Httex 1 in vitro. His N , polyhistidine tag; S-tag, S-peptide epitope tag.
a Trypsin cleavage sites were reported by Scherzinger et al. (27) and Mishra et al. (19) . b Thrombin miscleavage site was reported by Ansaloni et al. (50) .
geneous protein mixtures that precludes accurate interpretation and comparison of aggregation and structural data across different laboratories. Therefore, the use of fusion constructs as precursors for the generation of Httex1 requires enzymes that are highly specific and efficient to ensure complete cleavage and to minimize changes to the protein sequence due to the nature of the enzyme used, engineered cleavage site, or the presence of undesired cleavage products.
To overcome these limitations, our group and others explored different strategies for the generation of tag-free native Httex1 proteins. Singer et al. (51) used total chemical synthesis to produce Httex1, whereas our group employed a semisynthetic strategy to produce unmodified and site-specifically phosphorylated Httex1 (50). However, both approaches demand special technical expertise and equipment that are not commonly accessible in many research groups. Herein, we present the first recombinant approach that allows the efficient production and purification of authentic tag-free Httex1 in milligram quantities from Escherichia coli. This intein-based strategy eliminates the need for proteolytic enzymes and has been successfully used to produce Httex1 proteins with polyQ repeats ranging from 7Q to at least 49Q. Biophysical characterization of these proteins revealed that they exhibit the expected aggregation properties of tag-free Httex1 proteins produced by chemical or semisynthetic strategies (50, 52) . The use of tagfree Httex1 proteins enabled us to decipher subtle effects of concentration and polyQ-repeat length on Httex1 oligomerization and fibril formation, which were not observed previously using Httex1 fusion constructs or Httex1-based peptide model systems containing non-native sequences. This includes an inverse correlation between polyQ repeat length and fibril length. Finally, unlike previous reports using polyQ peptides, we did not observe amyloid fibril formation by Httex1 proteins with polyQ repeats of 7 or 15Q, even at high protein concentrations. These findings underscore the importance of using tag-free native Httex1 proteins to investigate the sequence and molecular determinants of Httex1 aggregation and to elucidate the structural basis of Httex1 toxicity.
Experimental Procedures
Materials-pTWIN1 vector (N6951S) and ER2566 E. coli (E6901S) competent cells were purchased from New England BioLabs. His 6 -Ssp-Httex1-Q N cDNA was synthesized by GeneArt. Isopropyl-␤-D-thiogalactopyranoside was ordered from Applichem (A1008,0025). Phenylmethanesulfonyl fluoride (PMSF) was purchased from Axonlab (A0999.0005). CLAP protease inhibitor (1000ϫ) was made of 2.5 mg/ml leupeptin, chymostatin, antipain, and pepstatin A from Applichem (A2183, A2144, A2129, A2205) in DMSO. Amicon Ultra-15 centrifugal filters with a molecular weight cutoff of 3 (UFC900324) and the primary mouse anti-Huntingtin monoclonal antibody (MAB5492) were purchased from Millipore. Secondary goat anti-mouse labeled with Alexa680 was purchased from Invitrogen (A-21057). The PageRuler prestained protein ladder (26617), SeeBlue Plus2 pre-stained protein standard (LC5925), and the SnakeSkin dialysis tubing with a molecular weight cutoff of 3.5 kDa (68035) were purchased from Thermo Scientific, and Dulbecco's buffer substance (PBS) was purchased from Serva (47302.03). Microcon centrifugal filters with a molecular weight cutoff of 100 were obtained from Millipore (MRCF0R100), and PES syringe filter membranes with a pore size of 0.45 m were from Techno Plastic Products (TPP-99745). Formvar carbon film on 200-mesh copper grids (FCF200-Cu) and uranyl formate (16984-59-1) from Electron Microscopy Sciences were used for sample preparation for negative-stain transmission electron microscopy (TEM).
Cloning and Expression-His 6 -Ssp-Httex1-Q N cDNA was subcloned into the pTWIN1 vector using NdeI/PstI restriction sites by GeneArt. Chemo-competent E. coli BER2566 cells (eBiolabs) were transformed with resulting vectors pTWIN1-His 6 -Ssp-Httex1-Q N . Isolated single colonies were inoculated in 500 ml of lysogeny broth (100 g/ml ampicillin) at 37°C overnight with 180 rpm shaking. For expression of His 6 -SspHttex1-Q N , 8 liters of lysogeny broth (100 g/ml ampicillin) were mixed with the overnight culture to obtain an A 600 nm of 0.05. Cells were grown at 37°C until an A 600 nm ϳ0.1 was reached; the temperature of the incubator was then set to 14°C. At an A 600 nm between 0.3 and 0.4 (not higher than 0.5), expression was induced with 0.4 mM isopropyl-␤-D-thiogalactopyranoside overnight. Cells were harvested by centrifugation (4°C, 1935 ϫ g, 15 min) and snap-frozen in liquid nitrogen and stored at Ϫ20°C or lysed immediately for purification.
Purification of Huntingtin Exon 1-After expression, cell pellets were resuspended in 50 ml of buffer A (20 mM HEPES, 0.5 M NaCl, pH 8.5) containing 0.3 mM PMSF and 1ϫ chymostatin/ leupeptin/antipain/pepstatin. Cells were lysed on ice by sonication (4 min, pulse on 59 s, pulse off 30 s, 70% amplitude) using a vibra cell VCX130 from Sonics. Cell debris was separated from the crude cell extract by centrifugation (2 ϫ 30 min, 4°C, 27,216 ϫ g). The cell extract was filtered through 0.45-m syringe filter membranes and then applied to a 5-ml Histrap column (GE Healthcare, 17-5248-02) at a flow rate of 1 ml/min. Nonspecifically bound proteins were removed by washing the column with 10 column volumes of buffer A at a flow rate of 2 ml/min. Remaining impurities were removed with 3 column volumes of 5% buffer B (20 mM HEPES, 0.5 M NaCl, 0.5 M imidazole, pH 8.5), whereas His 6 -Ssp-Httex1-Q N was eluted using a gradient from 5 to 30% buffer B in 5 column volumes. Elution fractions were analyzed by SDS-PAGE and analytical C8 reversed-phase ultra-high performance liquid chromatography (RP-UHPLC). Fractions containing the fusion protein were pooled, and splicing was induced by adjusting the pH to 7.0 and incubating the protein at room temperature. Splicing was monitored by analytical C8 RP-UHPLC, SDS-PAGE, and Western blot (WB). Httex1 with expanded polyQ lengths were purified after a maximum of 4 -6 h of splicing at room temperature, whereas unexpanded Httex1 proteins were purified after 12-16 h. Protein solutions were filtered through 0.45-m syringe filter membranes and injected into a preparative C4 reversed-phase high performance liquid chromatography (RP-HPLC) column (00G-4168-P0-AX, Jupiter C4, 10 m, 300 Å, 21.2-mm inner diameter ϫ 250-mm length) pre-equilibrated with 95% buffer C (degassed water, 0.1% trifluoroacetic acid (TFA)) and 5% buffer D (degassed acetonitrile, 0.1% v/v TFA). Spliced Httex1-Q N eluted during a gradient of 30 -40% buffer D in 40 min at 15 ml/min. Collected fractions were analyzed by liquid chroma-tography mass spectrometry (LC/MS) using a Thermo Scientific LTQ ion trap mass spectrometer and pooled accordingly for lyophilization. Purity of lyophilized protein was analyzed by LC/MS using a C3 poroshell 300SB 1.0 ϫ 75-mm 5-m column from Agilent (5-95% acetonitrile in 5 min, flow rate of 0.3 ml/min, injection volume of 10 l), analytical RP-UHPLC, SDS-PAGE, and WB. All obtained LC/MS spectra were deconvoluted with MagTran software version 1.03b from Amgen.
Native Purification of Huntingtin Exon 1-The elution fractions of the nickel affinity chromatography containing His 6 -Ssp-Httex1-23Q were pooled, and the pH was set to 7.0 to initiate splicing. The protein was dialyzed against 3 liters of buffer E (20 mM Tris, 0.5 M NaCl, pH 7.0) using SnakeSkin dialysis tubing with a molecular weight cutoff of 3.5 (Thermo Fisher, 68035) for 12-16 h at room temperature to remove the imidazole. After dialysis/splicing the Ssp DnaB intein was removed from the desired splicing product Httex1-23Q by nickel affinity chromatography. Httex1 was collected in the flow-through, concentrated using centrifugal filter units with a molecular weight cutoff of 3 (Millipore, UFC900324), and injected into a Superose 6 10/300 GL column (GE Healthcare, 17-5172-01) equilibrated with buffer F (20 mM Tris, 0.2 M NaCl, pH 7.4) for final purification.
In Vitro Aggregation of Huntingtin Exon 1-Lyophilized Httex1-Q N was disaggregated by the addition of TFA following a modified protocol from O'Nuallain et al. (53) . After allowing for evaporation for 15 min the remaining acid was removed under a stream of dry nitrogen. Finally, Httex1-Q N proteins were dissolved in 10 mM PBS to obtain a final concentration of 3.5, 7, 15, 30, 60, or 120 M. The pH was adjusted to 7.2-7.4 using 1 M NaOH. Proteins were kept on ice or at 4°C during further preparation to avoid aggregation. Protein solutions were filtered through 100-kDa centrifugal filter units into 1.5-ml Eppendorf tubes to remove any remaining preformed aggregates. To assess the aggregation of Httex1-43Q in the presence of proteins that are commonly used as fusion tags, equimolar amounts of MBP or GST (PRO-616 and ENZ-393 from PROSPEC) were added to the filtered protein solution, respectively. Before initiating aggregation, aliquots were taken for time point (0 h) and for amino acid analysis to confirm the protein concentration determined by a RP-UHPLC standard curve. Aggregation was induced by transferring the samples to an incubator at 37°C (without agitation). For each time point the amount of soluble protein and the change in secondary structure were assessed. The secondary structure was determined by circular dichroism (CD) spectroscopy using 100 l of each protein solution. To analyze the soluble fraction, aliquots of each sample were spun down at 20,817 ϫ g at 4°C for 20 min, after which 4 l were injected into a C8 RP-UHPLC column. The formation of oligomers and fibrils during the aggregation process was followed by negative-stain TEM.
SDS-PAGE and WB-Samples for SDS-PAGE were mixed with 4ϫ Laemmli and loaded onto 15% polyacrylamide gels. Electrophoresis was performed at 180 V for 1 h, and semidry transfer was performed using 200 mA at 25 V for 1 h on a nitrocellulose membrane using systems from Bio-Rad. Gels were stained with a Coomassie R-450 solution and destained in water. WB nitrocellulose membranes were incubated in Odyssey blocking solution from Licor (20 -30 min at room temperature) and later blotted with primary mouse anti-Htt MAB5492 (1 h at room temperature or 12-16 h at 4°C) and secondary Alexa680-conjugated goat anti-mouse (45 min at room temperature) for detection by an Odyssey Infrared Imager system from Licor.
Analytical RP-UHPLC-Soluble fractions were injected into a C8 Waters Acquity UPLC BEH300 1.7-m 300 Å 2.1 ϫ 150-mm column (10 -90% acetonitrile in 2.75 min, preheated to 40°C, flow rate of 0.6 ml/min) connected to an Acquity H-class UPLC system from Waters. Proteins were eluted at 0.6 ml/min with a gradient from 10% to 90% acetonitrile (0.1% v/v TFA) over 2.75 min. Acquired chromatograms at 214 nm were used to determine purity and to identify splicing products. Moreover, the amount of soluble protein was calculated from the peak area using the Empower Software from Waters.
CD Spectroscopy-Samples were analyzed by a J-815 CD spectrometer from Jasco using a 1-mm quartz cuvette. The CD spectra were acquired from 195-250-nm at 25°C, and data points were acquired continuously every 0.2 nm at a speed of 50 nm/min with a digital integration time of 2 s and a bandwidth of 1.0 nm. 3-5 spectra of each sample were obtained and averaged. A sample containing buffer-only was used for background subtraction. The obtained spectra were further processed by smoothing using a binomial filter with a convolution width of 99 data points. Note that samples with a protein concentration higher than 15 M were diluted before the CD measurement.
TEM-Samples were deposited on Formvar/carbon-coated 200-mesh copper grids (Electron Microscopy Sciences) for 1 min at room temperature, then the grids were blotted with filter paper, washed twice with ultrapure water, and stained with a 0.75% w/v uranyl formate solution in water (Electron Microscopy Sciences) for 1 ϫ 15 s and 1 ϫ 30 s. The blotted off grids were air-dried and imaged using a Tecnai Spirit BioTWIN microscope at 80 kV (LaB6 gun, 0.34-nm line resolution) equipped with a 4k ϫ 4k Eagle CCD camera with high sensitivity scintillator from FEI. Fibril lengths were quantified using ImageJ software (54) .
Amino Acid Analysis-Before aggregation of Httex1-Q N , 3-5 g of each protein were dried in an evacuated centrifuge and sent for amino acid analysis to the Functional Genomic Center Zurich (FGCZ) at the Eidgenössische Technische Hochschule Zürich (ETH Zurich) to determine the exact sample concentration.
Results
An Intein-based Strategy for the Expression and Purification of Tag-free Huntingtin Exon 1-To achieve the production of authentic tag-free Httex1, we fused the Ssp DnaB intein containing a His 6 tag for nickel affinity purification to the N terminus of Httex1 (Fig. 1, A and B) . The purpose of the Ssp DnaB intein was 2-fold: 1) to improve the stability and solubility of Httex1 during expression in E. coli and 2) to allow for pH controlled splicing of the fusion protein leading to the generation of the native Httex1 sequence (tag-free Httex1). The His 6 -SspHttex1-Q N fusion proteins were expressed at low temperature to prevent protein aggregation and premature protein splicing (Fig. 1C) . The fusion proteins were isolated from cell lysates by nickel affinity purification yielding ϳ7 mg of protein per liter of bacterial culture, which is 1.4 -2.7-fold higher compared with the widely used purification strategy developed by Scherzinger et al. (27) . The Ssp DnaB-mediated splicing of His 6 -Ssp-Httex1-Q N was induced at ambient temperature and neutral pH, thus allowing for the production of the aggregation-prone Httex1 under mild conditions. In contrast to most enzymatic cleavages, the splicing process is autocatalytic and traceless, generating the native Httex1 protein sequence without any additional amino acids within several hours. The splicing reaction of His 6 -Ssp-Httex1-Q N was monitored by WB and RP-UHPLC (Fig. 1, D-E) . Generally, the incubation time for His 6 -Ssp-Httex1-43Q was limited to 6 h to prevent aggregation of the splicing product, Httex1-43Q. Splicing products were separated by preparative C4 RP-HPLC, yielding Httex1 with Ͼ95% purity based on analysis of purified fractions by RP-UHPLC The Httex1 proteins are devoid of the first methionine, as it was reported to be cleaved off in vivo (48) . C, the expression of His 6 -Ssp-Httex1-23Q/43Q (arrow) was analyzed by SDS-PAGE. D, the generation of Httex1-23Q/43Q (star) by splicing of the His 6 -Ssp-Httex1-23Q/43Q fusion proteins (arrow) monitored by WB using monoclonal anti-Htt MAB5492. E, the splicing of His 6 -Ssp-Httex1-43Q (1) into His 6 -Ssp (2), and Httex1-23Q/43Q (3) was assessed by analytical RP-UHPLC. AU, absorbance units. F-H, the purity and integrity of Httex1-23Q/43Q was determined using RP-UHPLC (F), SDS-PAGE and WB (G), and LC/MS (H). Expected molecular masses for Httex1-23Q/43Q are 9944 Da and 12506 Da. I, purity analysis of Httex1-7Q/15Q/29Q/37Q/49Q by SDS-PAGE and RP-UHPLC. (Fig. 1F) . The purity and integrity of the protein was further assessed by SDS-PAGE, WB, and LC/MS (Fig. 1, G and H) . Due to its high glutamine and proline content, Httex1 is predominantly uncharged and exhibits a low SDS binding capacity and, thus, its apparent size on denaturing gels is larger than its calculated molecular weight. The purified proteins were snap-frozen in liquid nitrogen and lyophilized to prevent aggregation and allow for long term storage. Using these expression and purification protocols, we achieved yields of 1.0 -1.5 mg of pure Httex1 with polyQ-lengths ranging from 7Q to 49Q per liter of bacterial culture (Fig. 1I) .
Biophysical Characterization of Tag-free Wild Type and Mutant Huntingtin Exon 1-With the purified recombinant tag-free Httex1 proteins in hand, we sought to characterize the structural and polyQ-dependent aggregation properties of the wild type (23Q) and mutant (43Q) proteins. Before assessing the aggregation properties, lyophilized Httex1-23Q/43Q proteins were disaggregated using TFA, resolubilized in PBS buffer, and filtered to remove any remaining preformed aggregates. To ensure that the HPLC purification, lyophilization, and disaggregation procedure did not affect the structure of Httex1, we performed a control experiment where we replaced the RP-HPLC purification step by size-exclusion chromatography to obtain native Httex1-23Q. The CD spectra of size-exclusion chromatography-purified Httex1-23Q and HPLC-purified and disaggregated Httex1-23Q protein were identical and revealed a predominantly disordered structure for both proteins (Fig. 2) .
The aggregation of Httex1-23Q and Httex1-43Q was monitored in PBS at physiological pH and protein concentrations of 7 or 3.5 M, respectively. The loss of soluble protein was determined using RP-UHPLC, the secondary structure was analyzed by CD, and the morphological characteristics of the aggregates formed by Httex1-23Q/43Q were assessed by negative-stain TEM. For Httex1-23Q, a loss of 20 -30% of soluble protein was observed after 168 h at 37°C by RP-UHPLC (Fig. 3A) . Despite the moderate aggregation of Httex1-23Q, the protein exhibited a broad minimum at 205 nm in the CD spectra throughout the experiment (Fig. 3B) , consistent with a predominantly disordered secondary structure. Notably, the minimum of the CD signal for Httex1 was slightly red-shifted compared with what has been reported for polyQ peptides whose minimum is usually observed at ϳ200 nm (18, 55) . This shift is probably due to the influence of the proline-rich domain (18) and the Nt17 domain, both of which have been reported to adopt partial or transient helical structures (56, 57) . TEM imaging revealed the presence of large amounts of oligomeric species ranging from 15 to 25 nm in diameter throughout the aggregation process (Fig. 3C) . These oligomeric structures are of similar size as those observed for myc-Httex1-20Q by Legleiter et al. (36) using atomic force microscopy. After 72 h at 37°C, Httex1-23Q formed proto-fibrillar structures with an average length of 45-55 nm next to the oligomers (Fig. 3C) . These structures seemed to elongate and grow into short immature fibrils of 100 -200 nm in length after 168 h (Fig. 3C) . Nonetheless, the majority of recombinant Httex1-23Q (60%) remained soluble for as long as 2 weeks at 37°C and existed predominantly as non-amyloidogenic monomers or oligomers as discerned by the absence of a ␤-sheet signal in the CD spectra (Fig. 3B) .
Next, we characterized the aggregation of the mutant protein, Httex1-43Q. In contrast to Httex1-23Q, Ͼ50% of Httex1-43Q aggregated within 12 h at 37°C (Fig. 3A) , and complete aggregation was observed after 36 h; Ͻ5% of soluble protein could be detected by RP-UHPLC (Fig. 3A) . Consistent with the rapid depletion of soluble protein, recombinant Httex1-43Q readily formed mature amyloid-like fibrils after 24 h at 37°C with lengths ranging from 200 to 300 nm (Fig. 3C) . A shift of the minimum from 205 nm to 215 nm in the CD spectra of Httex1-43Q between 24 and 36 h confirmed the structural transition from a predominantly disordered to a ␤-sheet-rich structure (Fig. 3B) . The structural transition toward a ␤-sheet-rich conformation is in agreement with previous in vitro aggregation studies using synthetic Httex1, thioredoxin/GST-polyQ, and GST/MBP-Httex1 fusion proteins with expanded polyQ tracts, which readily formed amyloid-like fibrils with a high ␤-sheet content as determined by CD, nuclear magnetic resonance (NMR), and Fourier transform infrared spectroscopy (23, 24, 33, 41, 52) .
Wild Type Httex1 Forms Mature Amyloid Fibrils at High Protein Concentrations-Httex1 proteins and model peptides aggregate and form fibrils in a concentration-dependent manner, with the critical concentration for aggregation decreasing with increasing polyQ repeat length (21, 22, 28) . To determine whether our recombinant and tag-free Httex1-23Q can adopt a ␤-sheet-rich structure and form mature amyloid-like fibrils at higher protein concentrations, we assessed the aggregation of Httex1-23Q at 15, 30, 60, and 120 M. At the highest concentrations, 120 and 60 M, complete Httex1-23Q aggregation occurred within 120 and 336 h, respectively, whereas at 15 and 30 M the protein aggregated much slower with Ͼ50% of the protein remaining in solution after 300 h (Fig. 4A) . Fig. 4B demonstrates that a concentration of 15 M was sufficient to induce a complete transition from disordered to ␤-sheet-rich conformations after several weeks of incubation at 37°C as discerned by the single minima at 215 nm, which was similar for all 4 protein concentrations. Over this concentration range, Httex1-23Q formed highly ordered fibrils with variable lengths ranging from 200 nm to 1 m (Fig. 4C) . 
PolyQ Repeat Length Inversely Correlates with Fibril Length-
Given the observation that higher concentrations drive the formation of mature Httex1 fibrils, we then sought to determine if Httex1 with polyQ repeats of Ͻ23Q (Httex1-15Q and -7Q) have the intrinsic propensity to form mature Httex1 fibrils. The aggregation of Httex1-15Q/7Q was assessed at 60 M to allow for a reasonable time scale of aggregation. At a concentration of 60 M, Httex1-15Q/7Q exhibited very slow aggregation propensities compared with Httex1-23Q. 20 -30% of Httex1-7Q and 70% of Httex1-15Q aggregated only after 1482 h of incubation at 37°C, whereas Httex1-23Q exhibited nearly complete aggregation after 336 h under the same conditions (Fig.  5A) . The CD spectra of Httex1-7Q/15Q did not show a conformational transition to a ␤-sheet-rich structure after 1482 h, which was unexpected for Httex1-15Q, as 70% of soluble protein was depleted (Fig. 5B) . TEM imaging revealed that Httex1-15Q formed very large oligomers or amorphous aggregates, whereas Httex1-7Q formed small oligomeric structures (Fig.  5C) . To compare the fibrillization propensity of wild type Httex1 (23Q) with Httex1 containing intermediate and A, the kinetics and extent of Httex1 aggregation were monitored by measuring the amounts of soluble Httex1-23Q/43Q over time using analytical RP-UHPLC. All data (23Q, n ϭ 3-4; 43Q, n ϭ 2-3) were normalized to t 0h and are represented as the mean Ϯ S.D. The resulting data points were fitted single exponentially. B, the secondary structure of Httex1-23Q/43Q was analyzed by CD during incubation at 37°C. C, aggregates formed by Httex1-23Q/43Q were imaged using negative-stain TEM.
expanded polyQ domains, we assessed the aggregation of Httex1-29Q, -37Q, and -43Q at 15 M, due to the increased aggregation propensity of expanded Httex1 proteins. In contrast to Httex1-23Q, the Httex1 proteins with polyQ lengths of 29 -43Q readily aggregated at a concentration of 15 M. Complete aggregation of Httex1-37Q/29Q was reached after 124.5-242 h (Fig. 5D) . This corresponds to a 4 -9 times faster aggregation compared with Httex1-23Q at 15 M, which was fully aggregated only after 1176 h at 37°C. Notably, the mutant Httex1-43Q protein aggregated ϳ200 times faster compared with Httex1-23Q at 15 M (Fig. 5D) . Interestingly, although all three Httex1-29Q/37Q/43Q proteins underwent a conformational shift to ␤-sheet and exhibited a strong fibrillization as discerned by CD and TEM only the CD spectra of Httex1-43Q showed a pronounced maximum at 200 nm, indicating that the aggregates formed by this mutant have a higher ␤-sheet content (Fig. 5, E and F) . Moreover, the fibrils formed by Httex1-29Q/ 37Q/43Q were shorter compared with those formed by Httex1-23Q at 15 M (Fig. 5F ). To confirm this observation we quantified the length of ϳ400 fibrils for each protein (i.e. 23-43Q) (Fig. 5G) . The mean fibril length for Httex1-23Q was 522 nm, whereas a fibril length of 284 nm for Httex1-29Q, 268 nm for Httex1-37Q, and 183 nm for Httex1-43Q was observed. The inverse correlation between the polyQ-length and fibril length suggests structural differences between Httex1 proteins with different polyQ repeat lengths. Additional studies are required to assess these structural differences at the single fibril level and their implications for Httex1 aggregation, toxicity, and propagation.
The Presence of MBP or GST Does Not Alter the Aggregation Properties of Httex1-43Q-The in vitro aggregation studies on
Httex1 fusion proteins have prompted speculations that the fusion tag might affect the aggregation properties of Httex1 after the enzymatic cleavage in situ. To determine if the presence of the commonly used fusion tags GST and MBP influences the aggregation properties of Httex1 after the enzymatic cleavage in situ, we compared the aggregation propensity and the structural properties of Httex1-43Q aggregates in the absence or presence of equimolar amounts of purified GST or MBP. Under these controlled conditions, which assume quantitative cleavage of the fusion protein, we could not detect a significant effect of MBP or GST on the aggregation profile of Httex1-43Q or its ability to form fibrils (Fig. 6, A and B) . These results suggest that GST and MBP do not significantly alter the aggregation properties of Httex1 in a homogenous aggregation mixture.
Discussion
To date, the majority of in vitro biophysical and biochemical aggregation studies on Httex1 proteins have relied on the use of artificial fusion constructs or incorporation of additional charged amino acids to stabilize and facilitate the purification and handling of Httex1 proteins, especially those containing expanded (Ͼ36Q) polyQ repeats (Table 1 ). There are several disadvantages for using this strategy. First, the presence of highly structured proteins, such as thioredoxin, GST, or MBP, makes it difficult to monitor and quantify subtle changes in secondary structure that occur during the early events of Httex1 oligomerization and fibril formation or in response to sequence modifications (e.g. post-translational modifications) (23, 41, 58) . Second, fusing these proteins to mutant Httex1 proteins has been shown to alter their aggregation properties and favors the formation of round particles or amorphous aggregates (27, 39, 41, 59) . Third, the use of enzymatic cleavage to remove these proteins or other solubilizing motifs often leaves behind additional amino acids in the protein sequence (Table 1) and/or occasionally results in the generation of undesired cleavage products (19, 28, 50) .
The sample heterogeneity, i.e. the presence of the enzyme, uncleaved fusion protein, or miscleavage products, introduced by the use of different fusion proteins and enzymes could account for the differences in the aggregation properties of tagfree Httex1 and Httex1 proteins generated by in situ enzymatic cleavage. Indeed, comparison of the Httex1 aggregation studies reported here and in the literature revealed that the tag-free homogeneous Httex1 proteins exhibit faster aggregation kinetics and a higher propensity to form amyloid-like fibrils compared with several Httex1 fusion proteins or Httex1 proteins produced by in situ cleavage of fusion proteins (28, 39, 41) . Interestingly, Httex1 proteins generated by enzymatic cleavage often form heterogeneous fibrils that exhibit the tendency to associate into bundles (26 -28, 39, 40, 45) , unlike the tag-free Httex1 proteins produced by the intein strategy herein (Figs.  3-6) , semisynthesis, or chemical synthesis, which form very uniform and smooth amyloid-like fibrils (50, 52) . Moreover, several studies based on in situ cleavage of Httex1 fusion proteins have reported that Httex1 proteins with non-pathogenic polyQ repeats do not form fibrils (26 -28, 37, 38) , whereas studies using synthetic (52) , semisynthetic (50), or recombinant tagfree Httex1 proteins have shown that Httex1 with 23Q at concentrations ranging from 15 to 120 M can form fibrils in vitro (Fig. 4) . These findings suggest that delays in enzymatic cleavage, sequence modifications, and/or sample heterogeneity influence greatly the aggregation kinetics and morphology of Httex1 fibrils. Consistent with these observations, recent studies showed that removal of the cleaved fusion proteins before initiating Httex1 aggregation resulted in an increased aggregation propensity of Httex1 (44) . This further underscores the critical importance of using homogeneous preparations of native Httex1 to ensure accurate assessment of changes in the aggregation kinetics and structural properties of Httex1.
To test whether the presence of the commonly used fusion tags (GST and MBP) alters the aggregation properties of Httex1, we compared the aggregation propensity and aggregate structure of Httex1-43Q in the absence and presence of MBP or GST. Fig. 6 shows that co-incubation of tag-free Httex1 with purified GST or MBP did not affect the aggregation properties of Httex1. This finding supports our hypothesis that the sample heterogeneity introduced by the incomplete enzymatic cleavage and/or the presence of enzymes or miscleavage products could be responsible for the observed differences in the aggregation properties of tag-free Httex1 and Httex1 generated by enzymatic cleavage.
To enable the generation of homogeneous preparations of native Httex1, we sought to develop expression systems and cleavage protocols that would enable rapid and complete enzymatic cleavage of the fusion Httex1 proteins while preserving the integrity of the native Httex1 sequence. Our intein-based Httex1 expression strategy meets these criteria and addresses the limitation of previous strategies by employing the Ssp DnaB intein technology, which eliminates the need for using enzymes. The use of the N-terminal His 6 -Ssp-Httex1-Q N fusion proteins allows for the generation of the native sequence of Httex1-Q N without any additional amino acids by pH-and temperature-sensitive autocatalytic FIGURE 5 . PolyQ-length dependence of Httex1 aggregation. A, the aggregation propensity of Httex1-23Q (black, n ϭ 3-5), Httex1-15Q (blue, n ϭ 3), and Httex1-7Q (green, n ϭ 3) at 60 M. The amount of soluble protein was assessed by analytical RP-UHPLC, and all data were normalized to t 0h and are represented as the mean Ϯ S.D. B, the CD spectra of Httex1-23Q (black), Httex1-15Q (blue), and Httex1-7Q (green) at the initial and final aggregation time points. C, TEM images of the aggregates formed by Httex1-23Q/15Q/7Q at the final aggregation time points. The white arrow indicates one of the oligomeric structures formed by Httex1-7Q. D, the aggregation propensity of Httex1-23Q (black, n ϭ 3), Httex1-29Q (purple, n ϭ 5), Httex1-37Q (green, n ϭ 5), and Httex1-43Q (blue, n ϭ 5) at 15 M. All data were normalized to t 0h and are represented as the mean Ϯ S.D. E, the CD spectra of Httex1-23Q (black), Httex1-29Q (purple), Httex1-37Q (green), and Httex1-43Q (blue) at the initial and final aggregation time points. F, TEM images of fibrils formed by Httex1-23Q/29Q/37Q/43Q at 15 M at the end point of aggregation. G, quantification of fibril lengths for Httex1-23Q (black, n ϭ 419), Httex1-29Q (purple, n ϭ 437), Httex1-37Q (green, n ϭ 483), and Httex1-43Q (blue, n ϭ 380) at the end point of aggregation. Solid lines represent Gaussian fits of the fibril lengths. A, the soluble fraction of Httex1-43Q incubated at 37°C (black) and co-incubated with MBP (dark gray) or GST (light gray) was determined by analytical RP-UHPLC. All data (n ϭ 2) were normalized to t 0h and are represented as the mean Ϯ S.D. The resulting data points were fitted single exponentially. B, TEM images of Httex1-43Q aggregates formed after co-incubation with MBP or GST for 24h at 37°C.
splicing. The Ssp DnaB intein is easily removed after splicing using RP-HPLC or affinity chromatography, thus enabling the rapid production of highly pure and homogeneous Httex1 proteins for aggregation and structural studies (Fig. 1) .
The recombinant tag-free Httex1 proteins produced by the intein strategy exhibited similar aggregation and structural properties compared with tag-free Httex1 produced by semisynthesis (50) or microwave-assisted solid-phase peptide synthesis (51, 52) . The Httex1 proteins derived from all three strategies have a predominantly disordered structure before aggregation and form virtually identical amyloid-like fibrils upon incubation at 37°C. Nevertheless, the aggregation propensity of our recombinant Httex1-43Q was different from that of Httex1-42Q produced by solid-phase peptide synthesis by Sahoo et al. (52) despite using similar protein concentrations (synthetic: 5.5 M; recombinant: 3.5 M), disaggregation (TFA), and incubation conditions (PBS buffer, 37°C). In their study, 25-30% of the synthetic Httex1 remained soluble after 70 -75 h (52), whereas complete aggregation and disappearance of soluble protein was observed for the recombinant tag-free Httex1-43Q within 24 -36 h (Fig. 3) . In an attempt to conduct a direct and thorough comparison of the synthetic and recombinant Httex1-43Q proteins, we sought to produce this protein using the synthetic protocol described by Singer and Sahoo et al. (51, 52) . Despite extensive efforts to follow the published procedure and the use of different synthetic strategies and peptide synthesizers, we were not able to achieve the chemical synthesis of Httex1. These difficulties highlight the comparative advantage of our recombinant intein-based approach, which can be adopted by most laboratories with access to basic protein expression and purification setups.
The use of recombinant tag-free Httex1 produced via the intein-based strategy has enabled us to make previously undescribed observations relating to the effect of polyQ repeat length on the structural properties and morphology of Httex1 aggregates. Previous studies using model polyQ peptide systems or partial Httex1 sequences demonstrated that non-pathogenic polyQ repeats even as short as 15Q can aggregate in vitro (22, 55, 60, 61) , whereas Httex1 proteins with non-pathogenic polyQ repeats produced from fusion proteins by in situ enzymatic cleavage often failed to form fibrils in vitro (26 -28, 37, 38) . When Httex1 with wild type polyQ repeats (25Q) is purified after the enzymatic cleavage (44) or is produced as a tagfree protein by the intein strategy (23Q), it aggregates and forms amyloid-like fibrils in a concentration-dependent manner (Fig.  4) . Interestingly, including an additional purification step after the enzymatic cleavage also resulted in a fast fibrillization of recombinant Httex1 with a polyQ-length of 17Q at 20 M generated from a MBP-Httex1-17Q-His 6 fusion protein (44) . However, in our hands no abundant fibril formation was observed for Httex1-7Q/15Q even after weeks of incubation at 60 M (Fig. 5) . Instead, large non-fibrillar and globular structures exhibiting a predominantly disordered conformation were observed (Fig. 5) . This discrepancy in the aggregation behavior might be caused by the additional non-native amino acids at the N (Gly-Ala dipeptide) and C termini (His 6 tag) of the Httex1-17Q protein used by Monsellier et al. (44) and the fact that other polyQ model systems lack significant domains of Httex1 and/or incorporate non-native sequences (20 -22, 55, 60, 62) . These findings indicate that differences in the primary sequence can have a strong effect on the aggregation properties of Httex1, which could make it difficult to compare aggregation data from different laboratories. Finally, careful examination of our TEM images revealed for the first time an inverse correlation between fibril length and polyQ repeat number. Interestingly, Httex1 with polyQ repeats above the pathogenic threshold formed fibrils with a mean length of 183 nm, whereas Httex1 with polyQ repeats of 23Q formed fibrils with a broad length distribution with a mean length of 522 nm. Httex1 with polyQ repeat lengths ranging from 29Q to 37Q formed fibrils with mean average lengths of 268 -284 nm. These observations suggest that the structural properties of the final fibril structures are strongly dependent on the polyQ repeat length. The formation of shorter fibrils by mutant Httex1 would result in a larger numbers of fibrils, which could significantly enhance the seeding capacity of mutant Httex1 compared to Httex1 with non-pathogenic repeats. Noteworthy, the fibril length distributions of 23Q at 15 and 60 M are superimposable at the end point of aggregation, indicating that the observed inverse correlation is independent of the protein concentration but could be caused by a structural-based difference in the nucleation capacity of wild type and mutant Httex1.
In conclusion, we have shown that our intein-based expression strategy enables the rapid generation of milligram quantities of highly pure Httex1 with a wide range of polyQ repeats (7-49Q). Our findings further underscore the importance of working with tag-free Httex1 proteins and indicate that model systems based on non-native Httex1 sequences may not accurately reproduce the effect of polyQ repeat length and solution conditions on Httex1 aggregation kinetics and structural properties. The availability of homogeneous preparations of tag-free Httex1 proteins produced using our intein-based strategy should facilitate future studies aimed at elucidating the secondary and tertiary structural changes that occur during the various stages of Httex1 oligomerization and fibrillogenesis using high resolution techniques, including NMR, small-molecule Förster resonance energy transfer and x-ray crystallography. Moreover, the availability of tag-free Httex1 in milligram quantities should advance the development of assays to identify ligands or proteins that modulate the aggregation and toxic properties of Httex1 and to discover of novel imaging agents for detection and monitoring Huntingtin aggregation in vivo. 
